ABSTRACT This study was designed to evaluate the effect of corn or sorghum diet and canthaxanthin (CX) supplementation on performance in broiler breeders. A total of 440 females with similar body weight (BW) (3.71 ± 0.14 kg) and 60 roosters were placed in an open-sided house with 20 pens, randomly distributed in a factorial arrangement (2 × 2). There were 4 diets of 2 ingredients; corn (CO) or sorghum (SO) and 2 levels of CX; 6 mg/kg (CX) and 0 mg/kg (NCX) totaling 5 replicate pens of 22 females and 3 males each, from 42 to 65 wk, divided in 2 periods (from wk 42 to 53 and wk 54 to 65). Birds' BW was measured every 28 d and mortality rate was calculated at the end of trial. Egg production (%), egg specific gravity (g/cm 3 ), egg weight (g), yolk weight (%), albumen weight (%), eggshell weight (%) and yolk colorimetric score were measured weekly. Incubation parameters were recorded in 12 incubations to evaluate hatching eggs, hatching (%), hatchability (%), fertility (%), weight of the chicks born and their quality. The BW, mortality, percentage of yolk and albumen weight, fertility and some incubation parameters were not affected (P > 0.05) by diets used. An increase in the egg production, hatching eggs, chicks born and first quality chick by hen at the second period were observed in CX breeder's diets (P = 0.0066; P = 0.0060; P = 0.0368; P = 0.0326). Egg specific gravity and eggshell weight were improved at the first period by SO+CX diet (P = 0.0138; P = 0.0209) and the same effect to egg weight, but at the second period (P = 0.0251). The CX was well absorbed from the diet and effectively transferred to the egg yolk, thereby increasing egg yolk pigmentation in the both periods (P < 0.0001). The CX supplementation in broiler breeder diets improved the productive and reproductive performance (laying% and hatchable eggs) at the second period, also to the both periods improved the egg yolk pigmentation.
INTRODUCTION
Historically, some raw materials stand out more than others for their quality as a source of nutrients or by the inclusion amount in animal diets, such as corn and soybean meal (Casartelli et al., 2005) . Corn and wheat are the major cereal grains used with soybean meal in the least-cost feed formulation for poultry (Rae and Ngaya, 2010; Ravindran, 2013a) , while sorghum is an important cereal grain for both human and animal consumption throughout the world. Projection of world sorghum production is estimated in 64.32 million tons in 2016/2017, making it the fifth most important grain (USDA, 2016) . Grains such as sorghum are nutritionally similar to corn and might be alternatives as feed (Leite et al., 2011) ; sorghum presents higher pro-pigments found in some plants. Consequently, the low level of carotenoid pigments in sorghum has been the main limitation for its inclusion in layer diets. When sorghum replaces corn, there is a proportional reduction in the intensity of yellow of the yolks, demanding the dietary inclusion of pigments (Costa et al., 2006; Moreno et al., 2007; Assuena et al., 2008; Ligeiro et al., 2009) . Natural carotenoids have been included into the category of antioxidants (Surai, 2002; 2012) and may be characterized as follows. Carotenoids are pigments responsible for yellow, orange, and sometimes red pigmentation in plants, insects, birds and marine animals. Chicken egg yolk pigmentation is due to presence of carotenoids which are working in the body as an integral part of the antioxidant system, providing recycling other antioxidants, including vitamin E. Carotenoids are easily accumulating in the egg yolk and transferring to the developing embryo (Surai et al., 2001; 2001a; Surai, 2012) and deposition of yolk carotenoids is linked to the process of yolk formation (Müller et al., 2012) , in addition to their importance in signaling secondary sexual characteristics in animals (Griffith et al., 2006) . In the egg, canthaxanthin (CX) is transferred from egg yolk to the developing embryo and distributed in many organs and tissues (Llaurado et al., 1997; Surai et al., 2003; Karadas et al., 2005) . Zhang et al. (2011) reported that CX could modulate the antioxidant status and positively influence the performance of broiler breeders, and Rosa et al. (2012) confirmed that dietary CX supplementation could increase the fertility and hatchability of broiler breeders. The effects of CX supplementation in corn or sorghum broiler breeder's diet on the productive performance (e.g., egg production, egg quality, and egg yolk coloration) and reproductive performance (e.g., fertility and hatchability) were assessed as a means to improve their performance.
MATERIALS AND METHODS
The present study was carried out at Poultry Science Laboratory -LAVIC at the Universidade Federal de Santa Maria (UFSM), Brazil. Broiler breeder (Cobb 500) hens and roosters were weighed so that 440 hens and 60 roosters could be selected according to their body weight (BW) in order to make up the experimental groups. They were placed in an open-sided house with wood shavings on the floor. Birds were reared following the Cobb 500 broiler breeder guidelines (Cobb, 2008) . Trial was divided in 2 experimental periods, first period from 42 to 53 wk of age and second period from 54 to 65 wk of age. The total experimental period was 24 wk.
Birds were placed in 20 pens of 4.615 m 2 (3.24 × 1.42 m). Each pen was equipped with an automatic drinker, one tube feeder for the breeder hens, and one trough-type feeder for the roosters. Corn and sorghum samples were collected for bromatological analysis through Association of Official Analytical Chemists (AOAC) (1990) to assess ash, mois- Determined by analysis at LABRUMEN/UFSM and CBO laboratories in Campinas (SP), Brazil (Humidity (%), dry matter (%), crude protein (%), gross energy (kcal/kg), crude fiber (%), ether extract (%), mineral matter (%), calcium (%) and available P (%)) and at DSM Nutritional Products Ltd., Basel, Switzerland (alphatocopherol (mg/kg), lutein (mg/kg), zeaxanthin (mg/kg) and canthaxanthin (mg/kg)).
ture, crude protein, crude fiber, ether extract, and calcium and phosphorus (Fiske and Subbarow, 1925) . The carotenoid determination in feed and feed ingredients was followed by extraction with ethanol and dichloromethane (Table 1) . If the feed contained less than 1,000 mg/kg of carotenoid, polar matrix compounds were removed by open-column chromatography on a silica gel. The extract was analyzed with normal phase HPLC using unmodified silica gel as a stationary phase. The HPLC system effectively separated CX from other potential feed carotenoids such as carotenes, ethyl 8 -apo-B-carotenoic ester, citranaxanthin, lutein, and zeaxanthin. The total content of CX was calculated based on the peaks derived from the corresponding Eand Z-isomers of CX (Table 1) .
Birds were fed with corn-or sorghum-soybean-based mash diets with and without 6 ppm of supplemental CX. The supply of the feed was strictly controlled and followed the breeder company recommendations or, depending on their BW, the feed supply was maintained, increased or decreased in the experimental weeks; in practice, it was established from 160 gr/d/female (42 wk) and gradually decreased down to 155 gr/female (65 wk), for roosters it remained the same 130 gr/d throughout the experiment. Water was provide for ad libitum consumption, and a photoperiod of 13 hours light/d was used during the initial period (22 wk) and this was gradually increased up to 16 hours and 30 minutes of light/d up to 54 wk and remained at this level until the end of experiment.
Treatments
Hens were distributed into 4 experimental groups with similar BW (3.71 ± 0.14 kg) and uniformity (90%). Each one of the 4 experimental treatments was randomly assigned to 5 replicates, with 22 hens and three 3 Determined by analysis at LABRUMEN/UFSM and CBO laboratories in Campinas (SP), Brazil (crude protein (%), gross energy (kcal/kg), ether extract (%), mineral matter (%), calcium (%) and total P (%)) and at DSM Nutritional Products Ltd., Basel, Switzerland (Vitamin A (UI/kg), Vitamin D3 (UI/kg), alpha-tocopherol (mg/kg), lutein (mg/kg), zeaxanthin (mg/kg) and canthaxanthin (mg/kg)).
4 Content in basal diet. 5 Content in the basal diet supplemented with 6 mg/kg of canthaxanthin.
roosters per pen. Birds were fed with the same basal diet (corn and soybean) from 22 until 41 wk of age. From 42 wk, birds were fed with the experimental diets to 65 wk of age. A 2 × 2 factorial arrangement was used, where the first group received a corn-soybean-based mash diet without CX supplementation, the second group received corn-soybean-based mash diet with 6 mg of CX/kg (CAROPHYLL R Red 10%; DSM Nutritional Products Ltd., Basel, Switzerland) supplemented in the feed; the third group received sorghum-soybeanbased mash diet without CX supplementation and the fourth group received sorghum-soybean-based mash diet with 6 mg of CX/kg supplemented in the feed. Hens and roosters were fed the same diets for all periods (Table 2) .
Control Measurements
Every 28 d the BW was measured by precision scale (model 2098, Toledo do Brasil Indústria de Balanças Ltda, São Bernando do Campo, Brazil) and accumulated mortality (total number of dead birds/initial number of birds ×100%) was calculated at the end of the experiment. Eggs were collected and recorded 6 times per d. Egg production by hen housed was calculated to each experimental period used.
To determine egg weight, percentage of yolk weight, albumen weight, eggshell weight, and yolk colorimetric score at specific day of each experimental period, the eggs were collected and data recorded for 15 eggs/treatment (5 replicates of 3 eggs each). Egg weight, yolk weight and albumen weight were determined by precision scale (model 9094, Toledo do Brasil Indústria de Balanças Ltda, São Bernando do Campo, Brazil). The egg specify gravity was measured by the immersion of the eggs in saline solutions with densities of 1,070; 1,075; 1,080; 1,085; 1,090; 1,095 and 1,100 g/cm 3 using Archimedes' principle as described by Peebles and McDaniel (2004) . The eggshell was weighed by precision scale (model 9094, Toledo do Brasil Indústria de Balanças Ltda, São Bernando do Campo, Brazil) after being dried at ambient temperature for three d (Rodriguez-Navarro et al., 2002) . Egg yolk colorimetric score was determined by using a yolk color fan with a scale from 1 to 15 (DSM Nutritional Products Ltd., Basel, Switzerland) (Vuilleumier, 1969) .
For each treatment, eggs hatching, hatching, hatchability of fertile eggs, fertility and chicks born were recorded throughout 12 incubations at the experiment (42 and 65 wk of age). Eggs were collected 6 times daily and classified by pen for the hatching process. Only eggs that were clean and without visible abnormalities were considered suitable for incubation. Thereafter, they were stored for a period of 7 d in a room with controlled temperature (18 to 20
• C and 75 to 80% relative humidity). The incubation was carried out in a commercial multi-stage incubator (Casp, Amparo, SP, Brazil) at 37.5
• C and 60% relative humidity. On d 18, eggs were transferred to the hatcher at 36.5
• C and 65% relative humidity to complete the incubation process. At 21 d, chicks were removed from the hatcher, weighed by precision scale (model 9094, Toledo do Brasil Indústria de Balanças Ltda, São Bernando do Campo, Brazil), and classified as first or second quality. Chicks were considered to be second quality when they showed bad umbilical scarring, beak abnormalities, leg weakness, or excessively wet downy feathers. The hatching rate was determinated in relation to the total incubated eggs. To evaluate hatching rate of fertile eggs, fertility, and embryonic mortality, the nonhatched eggs were used for the embryo diagnosis. They were classified by macroscopic visual examination as infertile; embryonic mortality at the first 48 h of incubation (EM1); embryonic mortality occurring between 72 h and 147 h of incubation (EM2); embryonic mortality occurring between 192 h and 336 h of incubation (EM3); and embryonic mortality occurring between 360 and 504 h of incubation (EM4). Pipped eggs were classified as dead-pipped embryos or pipped eggs that had broken shell but no emergence at the time of chick removal from the hatcher and when the embryo was still alive. Eggs with abnormal contents with green or black coloration and emitting rotten smell or eggs that blew up on opening were considered contaminated.
Experimental Design and Statistical Analysis
The experimental design was completely randomized in a factorial arrangement with 2 ingredients (corn and sorghum) and 2 levels of CX (0 mg/kg and 6 mg/kg) in 4 treatments with a total of 5 replicates pens of 22 female and 3 male Cobb 500 broiler breeders each. The mortality was corrected by the adjustment of normality with square root of X. All data were subjected to analysis of variance (ANOVA) to evaluate the effect of grain source, CX level and their interaction. When significant differences were found a 5% of variance average was used, with a Tukey test for comparison among the treatments. Statistical procedures were performed using SAS software (SAS, 2013) .
RESULTS AND DISCUSSION
The body weight and mortality from broiler breeders fed with corn or sorghum diet and CX are shown in Table 3 , which in the experimental periods evaluated did not have a significance difference (P > 0.05) agreement with a previous study conducted under similar conditions in our research group (Rosa et al., 2012) observing that broiler breeders fed with 6 ppm of CX, from 46 to 66 wk of age had the same BW as the control group without supplementation. Also, the replacement of corn by sorghum diet did not affect the broiler breeder performance, which is in agreement with Selle et al. (2010) who reported that sorghum is commonly used in poultry feeding. Considering the nutritive value, cost, and availability, sorghum grain is the next alternative to corn in poultry feed (Maunder, 2002) .
The replacement of corn diet by sorghum diet did not affect the egg production at the first period (P > 0.05) but, at the second period the supplementation of CX in corn and sorghum broiler breeder's diets had a positive influence (P = 0.0066) on the egg production showing better than those fed without supplementation of CX in diet (Table 4) . Previous studies (Sell et al., 1983; Gualtieri and Rapaccini, 1990) showed that replacement of corn by sorghum diet decreases the egg production; however some studies with layers have shown that sorghum can partially or completely replace corn in layer feeds with no negative effects on performance (Assuena et al., 2008) . Zanzad et al. (2000) only found that the percentage of egg production was slightly lower when the sorghum replaced 100% corn. Therefore, studying the effect of CX supplementation from diet to broiler breeder was observed a significantly effect at the second period agreement with Rosa et al. (2012) who reported a better egg production during certain periods in broiler breeders supplemented with CX in diet than those without CX supplementation. Cho et al. (2013) evaluated the inclusion of CX in diet and reported an egg production higher (P < 0.05) in a diet with 0.021% CX than a diet with 50% corn and a diet supplemented with 0.011% CX. These results differ from the previous findings of no effect of CX on egg production (Soto-Salanova, 2003; Kanda et al., 2011) . When this study was proposed, there was the expectation that increase in CX concentration in the tissues of hens reflected in a better egg production, indicated it the functional and positive effect of this during the critical period of egg production, likely due to the antioxidant potential in broiler breeder reproductive system, protecting the bird from oxidative damage and might result in a better performance compared to unsupplemented birds, being this effect observed (Table 4) supported it, because the egg yolks coming from broiler breeders fed with sorghum diet supplemented with canthaxanthin showed the best antioxidant status (TBARS) (data not shown).
Broiler breeder diets showed potential benefits on the egg quality (Tables 5 and 6 ). The egg specific gravity at the first period was higher in broiler breeders fed with sorghum diets supplemented or not with CX (P = 0.0138) than those fed with corn diet supplemented with CX (1,084.83 a , 1,085.53 a vs. 1,083.08 b ) respectively. At the second period, the egg weight was heavier in broiler breeders fed with sorghum diet and CX (P = 0.0251) than broiler breeders fed with corn diet supplemented with CX (75.24 a vs. 73.88 b ). This study demonstrated the importance of CX supplementation and the positive effect of replacement of corn by sorghum in broiler breeder's diets. Hence, the important function of carotenoids as antioxidants has been well established by different authors (Krinsky, 2001; El-Agamey et al., 2004) together with their potential benefits during the production of hens, when undergoing a stress. The egg yolk weight (%) and egg albumen weight (%) were not influenced by the diets used in the both periods evaluated (P > 0.05). The eggs shell weight (%) was significantly higher in hens fed with sorghum diet and CX supplementation at the first period (P = 0.0209) than hens fed with corn diet and CX supplementation (9.58 a vs. 9.19 b ). During the second period was showed that dietary raw material and CX supplementation did not influence some egg quality characteristics such as; egg specific gravity, egg shell, egg yolk and egg albumen weight, corroborating the results obtained with no feed consumption of CX (Hasin et al., 2006) on egg gravity (Saha et al., 1999; Hasin et al., 2006) egg strength, yolk height, shell color, haugh unit, and shell thickness (Cho et al., 2013) in hens fed with a diet enriched with CX.
The supplementation of CX in broiler breeder's diets increased the egg yolk color from yellow (between 2.00 and 10.00) to orange-red (between 14.00 and 15.00) (P < 0.0001) in both periods. For this, corn and sorghum diets supplemented with CX showed the biggest deposition of pigments in the egg yolk; however, the corn diet without CX had better egg yolk pigmentation than sorghum diet without CX supplementation (P < 0.0001). Pigmentation of egg yolks are influenced mostly by layer diets (Colin et al., 2004) , but it does not only depend on the total amount of pigments, but also on the proportion of yellow and red carotenoids ingested. CX can be efficiently deposited and distributed in the ovary, egg yolk and embryos in domestic birds (Hencken, 1992; Nys, 2000; Surai et al., 2001a Surai et al., , 2003 Blount et al., 2002) and is mainly responsible for the orange and red color in plants and animals. This study has shown that egg yolk color was enhanced by CX dietary supplementation (Table 6 ) in broiler breeders previously fed with corn-soybean meal mash diet without additional pigments. This occurred because the deposition of CX in egg yolk is directly proportional to dietary level, and previous studies done by the manufacturer of the product indicate that 6 mg/kg optimizes the inclusion in tissues, embryo development, and egg yolk pigmentation. Previous studies from our group (Rosa et al., 2012 ) measured the egg pigmentation 2 weeks after start the supplementation and found an improvement (P < 0.0001) from 9 (negative control) to 15 (CX treatment). Interestingly, this difference in egg yolk coloration remained stable throughout the experiment. These results are in agreement with other research and previous observations (Surai et al., 2003; Zhang et al., 2011) . Proportional reduction in egg yolk pigmentation when sorghum replaced corn were also found by others authors (Zanzad et al., 2000; Garcia et al., 2002) , likely due to the low xanthophyll content in sorghum grain (Subramanian and Metta, 2000) as well as the result found at this study, when broiler breeders were fed with sorghum diet without CX supplementation. Hatching (P = 0.3431 and P = 0.5595), hatchability of fertile eggs (P = 0.1116 and P = 0.7342), fertility (P = 0.9085 and P = 0.4561), chick weight (P = 0.4806 and P = 0.1559) and proportion of second quality chicks (P = 0.2708 and P = 0.5147) were not affected by diets used in the both periods evaluated (Tables 7 and 8 ). These data are in line with those obtained by Zhang et al. (2011) , who found no effect of CX supplementation in diet on fertility and hatching of fertile eggs from heavy breeders, but Liaurado et al. (1997) reported an improvement of hatchability by adding 6 mg/kg of CX in a commercial broiler breeder diet, effectively showing that during egg incubation, vitamin E and carotenoids are effectively transferred from the egg yolk to developing embryo and high concentrations of these compounds in the liver of newly hatched chicks are considered to be an adaptive mechanism to protect tissues from the oxidative stress of hatching (Surai et al., 1996; Surai, 2002) . Hatching eggs/hen (P = 0.0060), chicks born/hen (P = 0.0368) and first quality chick/hen (P = 0.326) were higher in broiler breeders fed with CX supplementation in diets than those fed without CX supplementation in diets (32.00 a vs. (Tables 7 and 8 ). Thanks to its antioxidant properties, canthaxanthin produced 4 benefits when used in feed for breeding hens: better fertility, increased hatching eggs, chicks with higher birth faster and healthier growth (Rosa et al., 2012 and Surai, 2012a) . The reasons behind these benefits are related to the antioxidant properties and canthaxanthin deposition, as well as its activities in immunomodulation (Johnson, et al. 2011) . Nevertheless, as natural products, xanthophylls are unstable and the effective levels may decline as a result of oxidation during prolonged storage. On the other hand, the commercially available product used is protected using a beadlet technology, which confers a higher stability compared to those from natural sources.
The embryo mortality was not significantly affected overall experimental periods (Tables 9 and 10) that embryonic mortality throughout the incubation period did not differ significantly between treatments. The only exception was at the first period which the embryonic mortality at the first 48 h of incubation (EM1) in broilers breeders fed with sorghum diets (supplemented or not) (P = 0.0487) showed a lower mortality than broiler breeders fed with corn diets (2.75 a vs. 4.02 b ). The analysis of unhatched eggs was not significantly affected by diets used (Table 10) . Rosa et al. (2012) looking at the supplementation of CX in broiler breeder diets found a positive effect of CX supplementation of the maternal diet on embryonic mortality, reducing the embryonic mortality (5.5 vs. 3.7%, P <0.0003), compared to a non-supplemented treatment. When looking at the different stages of embryonic mortality, CX was most efficient during the first 48 hours (1.04 vs. 1.80%, P = 0.008). The same result was found by Souza et al. (2008) when adding 6 ppm of CX (60 g CAROPHYLL R l Red 10%/ton of feed, DSM Nutritional Products, Basel, Switzerland) to broiler breeder hens diets observed a reduction in the number of infertile eggs, lower embryo mortality and improvement in overall rates of egg hatching and hatching eggs hatched.
In conclusion, our results have shown the important influence of CX added to feed on broiler breeders' performance. Its supplementation in broiler breeder diets improved egg production, hatching eggs, chicks born and first quality chicks at the final period of production studied. When it was supplemented into a sorghum diet, the egg specific gravity, the egg weight, the egg shell and the egg yolk coloration were improved, showing its antioxidant potential and positive effects when is included on diets with raw material low in xanthophylls.
